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ABSTRACT: In vivo and in vitro evidence for detoxification of methylmercury
(MeHg) as insoluble mercury selenide (HgSe) underlies the central paradigm that
mercury exposure is not or little hazardous when tissue Se is in molar excess (Se:Hg
> 1). However, this hypothesis overlooks the binding of Hg to selenoproteins,
which lowers the amount of bioavailable Se that acts as a detoxification reservoir for
MeHg, thereby underestimating the toxicity of mercury. This question was
addressed by determining the chemical forms of Hg in various tissues of giant
petrels Macronectes spp. using a combination of high energy-resolution X-ray
absorption near edge structure and extended X-ray absorption fine structure
spectroscopy, and transmission electron microscopy coupled to elemental mapping.
Three main Hg species were identified, a MeHg-cysteinate complex, a four-
coordinate selenocysteinate complex (Hg(Sec)4), and a HgSe precipitate, together
with a minor dicysteinate complex Hg(Cys)2. The amount of HgSe decreases in the
order liver > kidneys > brain = muscle, and the amount of Hg(Sec)4 in the order
muscle > kidneys > brain > liver. On the basis of biochemical considerations and structural modeling, we hypothesize that Hg(Sec)4
is bound to the carboxy-terminus domain of selenoprotein P (SelP) which contains 12 Sec residues. Structural flexibility allows SelP
to form multinuclear Hgx(Se,Sec)y complexes, which can be biomineralized to HgSe by protein self-assembly. Because Hg(Sec)4 has
a Se:Hg molar ratio of 4:1, this species severely depletes the stock of bioavailable Se for selenoprotein synthesis and activity to one
μg Se/g dry wet in the muscle of several birds. This concentration is still relatively high because selenium is naturally abundant in
seawater, therefore it probably does not fall below the metabolic need for essential selenium. However, this study shows that this
may not be the case for terrestrial animals, and that muscle may be the first tissue potentially injured by Hg toxicity.
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■ INTRODUCTION

Being top predators in aquatic food webs, large seabirds are
particularly exposed to methylmercury (MeHg). The total
mercury concentration commonly reaches several hundreds of
μg/g dry weight (dw) in liver of old individuals, several tens
μg/g dw in feathers, muscle, and kidneys, and several μg/g dw
in blood of piscivorous and scavenger seabirds from the
southern ocean.1−8 Mercury concentrations are positively
correlated with selenium concentrations in the liver.9−14

Because mercury has a higher affinity for selenium than for
sulfur,15 the Hg−Se correlation is attributed chemically to the
binding of Hg(II) to Se(-II). The Hg−Se antagonism is well
documented experimentally16−18 and in wildlife.19−21 Mercury
selenide (HgSe) is the most common inorganic selenious form
in biological tissues. HgSe particles occur predominantly in the
liver, and in lesser amounts in the muscle, kidneys, brain, lung,
pancreas, and spleen of aquatic mammals (pinnipeds and
cetaceans).22−26 Mercury sulfide (β-HgS), as an admixture of
primary HgSe, has been observed in the liver of the beluga
whale Delphinapterus leucas.27 Selenium and sulfur can also

occur in solid solution Hg(Sx,Sey), as in the liver of the black-
footed albatross (Phoebastria nigripes).22 According to the best
of the authors’ knowledge, no other Hg form is known in
seabirds.
The Hg−C bond of MeHg is cleaved readily by selenoamino

acids under physiologically relevant experimental conditions
yielding HgSe as the end product.28 Hence, the biomineraliza-
tion of potentially inert and apparently nontoxic HgSe granules
observed in wildlife is considered as the main detoxification
mechanism of MeHg. Consequently, the capacity for an
organism to detoxify MeHg depends on the Hg:Se molar ratio,
which represents the fraction of Se bound to Hg.29−34
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Methylmercury is more hazardous when the Hg level
approaches or exceeds equimolar stoichiometry with Se (i.e.,
Hg:Se ≥ 1),35,36 to the point of inducing a conditioned
deficiency of bioavailable Se for selenoenzyme synthesis and
activity.37,38 Therefore, the difference of molar content
between Se and Hg ([Se]mol − [Hg]mol) is considered to
reflect mercury sequestration and selenium depletion, and is
widely used to assess Hg exposure risk.12,36,39−41 Gajdosechova
and co-workers26 cautioned that this approach may be
deceptive, however, because the cells may contain other
selenious forms of Hg than HgSe with a Hg:Se ratio different
from one.
In addition to selenoamino acids, demethylation reactions

can be mediated also by low molecular weight seleniol
molecules, such as selenoneine,42 and selenoproteins, such as
selenoprotein P (SelP).43 Selenoneine has been identified in
fish,44 in cetacean and in red blood cells of Inuits,45 and Hg-
bound SelP has been identified in the plasma of Inuits46 and
miners exposed to mercury47 and in the liver, kidneys, and
muscle of the waterbird Clark’s grebe (Aechmophorus clarkii).43

The demethylated mercury atoms are coordinated to four
selenocysteine residues (Hg(Sec)4 complex) in SelP.43 The
coordination number of Hg with selenoneine is unknown,
however, it is probably also four because this coordination is
easy to obtain at Se:Hg = 4 with synthetic derivatives analogue
to selenoneine,48 whereas it requires a high excess of sulfur
with thiolate ligands.49,50 This difference is explained, on the
one hand by the greater selenophilicity than thiophilicity of
Hg,15 and on the other hand by the better nucleophilicity and
higher acidity of the selenolate anion (pKa(−SeH) = 5.4) than
the thiolate anion (pKa(−SH) = 8.2).51 Thus, tetrahedral
bonding with four selenium atoms appears to be the preferred
coordination of Hg in organic molecules. The tetraselenolate
complex having a Hg:Se molar ratio of 1:4 compared to 1:1 for
HgSe, all the Hg can be bound to Se at a Hg:Se ratio much
lower than 1:1. Therefore, overlooking the Hg(Sec)4 species
leads to an overestimate of the amount of bioavailable Se and
in turn to underestimate the toxicity of mercury.
Here, we report the chemical forms of mercury in the

feathers, blood, liver, kidneys, muscle, and brain of giant petrels
(Macronectes spp.), as determined using Hg L3-edge high
energy-resolution X-ray absorption near edge structure (HR-
XANES)43,52−62 and extended X-ray absorption fine structure
(EXAFS) spectroscopy,63 high resolution transmission electron
microscopy (HRTEM), and high-angle annular dark-field
scanning transmission electron microscopy (STEM-HAADF)
coupled to elemental mapping from energy dispersive X-ray
spectrometry (EDX). Coupled with chemical analyses, the
quantitative speciation data allowed calculating the concen-
tration of bioavailable Se ([Se]bio), the molar fraction of
bioavailable Se to total Se ([Se]bio:[Se]tot), and the ef fective (or
biological) fraction of Se bound to Hg ((Hg:Se)eff), and to
discuss the toxicity of mercury from a speciation perspective.

■ MATERIALS AND METHODS
A detailed description of the bird samples, experimental
methods, and data analysis is given in the Supporting
Information (SI).
Samples. Eight dead giant petrels were opportunistically

collected in French Southern and Antarctic Lands (Table S1).
Individuals were stored at −20 °C until dissection and the
tissues lyophilized for chemical analysis and spectroscopic
measurement. Freeze-drying a frozen tissue does not change

the speciation of the metal.56,64 Age and breeding status of the
birds are not known but all are adult males. Because females
can eliminate part of their Hg load trough egg production, we
selected males to avoid the effect of maternal transfer on Hg
metabolism. We studied the Hg speciation in the feathers, liver,
kidneys, and muscle from five petrels (P1−P5), in the blood
from three out of the five (P1−P3), and in the brain from three
other birds (P6−P8) (Table S2). The 26 tissues were analyzed
by HR-XANES, and two liver, two kidney, and three muscle
tissues by EXAFS.

Hg and Se Analyses. Total mercury was quantified with
an AMA-254 mercury analyzer (Altec, Prague; limit of
detection, LOD, 0.005 μg/g dw; aliquot mass: 0.5−5 mg
dw) and total selenium with a Thermo Fisher Scientific X
Series 2 ICP−MS (LOD 0.08 μg/g dw; aliquots mass: 20−300
mg dw).

HR-XANES and EXAFS Spectroscopy. Mercury L3-edge
HR-XANES and EXAFS spectra were measured at 10−15 K
with high-reflectivity analyzer crystals65 on beamline ID26 at
the European Synchrotron Radiation Facility (ESRF). HR-
XANES data were analyzed by principal component analysis
(PCA66) and target transformation67,68 against a large database
of spectra described previously.43,52,54−56,59 All reference
spectra were considered as a basis for identification of the
Hg species, but only diagnostic spectra are discussed herein.
The molar proportions (mol %) of the Hg species in the petrel
tissues were obtained by linear combination fitting analysis.
The accuracy of the amount of a fitted component was
estimated to be equal to the variation of its value when the fit
residual (NSS) was increased by 20%. NSS is the normalized
sum-squared difference between two spectra expressed as
Σ[(yexp − yfit)

2]/Σ(yexp2).
Electron Microscopy. Scanning transmission electron

microscopy (STEM) images were acquired on Nant’Themis,
a Themis Z G3 Cs-probe corrected microscope (Thermo
Fisher Scientific) operated at 80 kV (or 300 kV in cryo mode)
and equipped with a high-angle annular dark field (HAADF)
detector (resolution ∼1.0 Å and 80 kV). Elemental maps were
acquired in STEM mode using a Super-X emission X-ray
spectrometer consisting of four windowless silicon-drift
detectors (SDDs) providing a large collection solid angle of
0.7 srad. Additional high-resolution TEM (HRTEM) images
and selected-area electron diffraction (SAED) patterns were
acquired at 300 kV on a GATAN OneView camera (resolution
∼1.8 Å). The liver, kidney, and muscle tissues of individual P4
(Tables S1 and S2) were dispersed in ethanol and deposited
on a lacey-C copper grid.

■ RESULTS
Mercury and Selenium Concentrations. The amounts

of Hg and Se are extremely variable between and within birds.
The dry weight concentrations of Hg range from 170 to 1499
μg/g in liver (n = 7), from 9.8 to 414 μg/g in kidneys (n = 8),
from 2.9 to 88.7 μg/g in muscle (n = 8), from 4.8 to 26.2 μg/g
in feathers (n = 8), from 1.3 to 23.9 μg/g in blood (n = 8), and
from 1.6 to 13.2 μg/g in brain (n = 3) (Table S2). The
majority of the Hg concentrations are close to, and sometimes
above, the highest values reported to date in seabird
tissues,6−8,69,70 but remain below values reported for marine
mammals.71,72 The corresponding ranges of Se concentrations
are 109−1101 μg/g dw in liver (n = 7), 55−363 μg/g in
kidneys (n = 8), 10.1−72.7 μg/g in muscle (n = 8), 5.9−24.2
μg/g in feathers (n = 8), 43.4−118 μg/g in blood (n = 8), and
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26.2−47.0 μg/g in brain (n = 3). The liver always contains the
highest levels of Hg and Se, as a result of its detoxification role
and the toxicological Hg−Se antagonism.19 The concen-
trations of Hg and Se in nonhepatic tissues relative to their
concentrations in liver decrease in the following order: for Hg,
liver (100%) > kidneys (14.5 ± 8.6%) > muscle (5.9 ± 3.5%)
> feathers (3.8 ± 1.9%) > brain (2.3 ± 1.4%) > blood (1.9 ±
2.0%), and for Se, liver (100%) > kidneys (65.5 ± 39.5%) >
blood (42.6 ± 31.2%) > brain (31.3 ± 9.5%) > muscle (15.3 ±
8.4%) > feathers (6.1 ± 7.0%) (Figure 1). The blood selenium

level is particularly high, between 0.5 and 1.2 μmol/g, which is
30 to 90 times more than Hg on a molar basis. The high blood
selenium is explained by the Se-rich diet and by the metabolic
function of the liver, which sequesters Hg and secretes SelP
into the plasma to supply Se to endocrine tissues to synthesize
selenoproteins they need for their metabolism.38,33,38,73−76

The relationship between the molar concentrations of Se
and Hg in petrel tissues is shown in Figure 2a. The Se:Hg
molar ratio is always higher than 1:1, suggesting that Se is
always in excess relative to Hg, therefore not limiting for the
detoxification of MeHg. For the liver, kidneys, and muscle,
there is a trend of higher Se content with more Hg, which fuels
the idea that MeHg is at least partly demethylated by
selenolate groups48,77 in these tissues. The Se and Hg values
are somewhat aligned. A regression analysis shows that the Hg
and Se concentrations are correlated in the liver (R2 = 0.99). A
high Se:Hg ratio is distinctive of the blood (52.2 ± 22.5) and
the brain (29.9 ± 18.1). A high Se:Hg ratio in the blood is

consistent with the transport and elimination from the
circulatory system of the MeHg species, which has no
selenium, and the delivery of essential Se to peripheral tissues.
A high Se:Hg ratio in the brain is intriguing because, while the
Hg content is lower than in the other organs (5.9 ± 6.4 μg/g),
yet the proportion of brain Se to whole-body Se is relatively
high (Table S2). The brain has a smaller selenoproteome than
the liver and kidneys, being normally similar to that of the
muscle.38 The Se level in brain, as expressed as a percentage of
the liver level, is twice that of the Se level in muscle (31.3 ± 9.5
μg/g vs 15.3 ± 8.4 μg/g; Figure 1b). Actually, brain neurons
require a reliable supply of selenium for their functioning, as
selenium deficiency causes neurological impairment.33,38,73−76

SelP is delivered to neurons (and endocrine cells) upon
binding to the cell-surface apolipoprotein E Receptor-2
(ApoER2).78,79

Chemical Forms of Hg. The HR-XANES spectra from the
26 petrel tissues and the EXAFS spectra from eight of them are
represented in Figures S1 and S2a. All HR-XANES spectra of
feathers were identified as being from a MeHg-cysteinate
complex (MeHgCys) and two liver spectra (P1, P2) from
HgSe. All other spectra have variable shapes distinct from any
standard, implying that they are a weighted sum of single-

Figure 1. Bar charts of the Hg (a) and Se (b) levels in giant petrel
tissues, as expressed as a percentage of the liver levels.

Figure 2.Molar relationship between Hg and Se in the 26 giant petrel
tissues analyzed by HR-XANES and straight line corresponding to the
1:1 ratio. (a) Total Se concentration against total Hg concentration in
each tissue. Linear-fit of the liver concentrations (y = −176.1 + 1.83x,
R2 = 0.99). (b) Effective Se concentration against total Hg
concentration in each tissue. The Y-axis error bars represent the
total propagation of error of the concentrations of Hg and Se and the
fractions of Hg species.
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species spectra. There is a large inter- and intraindividual
variability in tissue speciation, represented in Figures 3a with
the brain spectra from individuals P6, P7, and P8, and in
Figure 3b with the liver, kidneys, and muscle spectra from a
same individual (P2). The compositional variability is also
observed on EXAFS spectra (Figure S2b). Investigating all 26
HR-XANES spectra using PCA, we found that four principal
components (species) were required to account for the
variance in the data set (Figure S3). The single-species spectra
needed to describe quantitatively the HR-XANES data set, as
identified by target transformation, are shown in Figure 3c−f
together with the structure of the Hg species.
Besides MeHgCys and HgSe, two inorganic Hg complexes

were identified, a dithiolate (Hg(SR)2) and a tetraselenolate
(Hg(SeR)4) complex. Since the two complexes occur in
biological matter, the thiolate group is from a cysteine residue
(Hg(Cys)2) and the selenolate group from a selenocysteine
group (Hg(Sec)4). The spectrum from the dicysteinate
complex Hg(GSH)2 at physiological pH55 provided the best
reconstruction by target transformation for the first complex
(NSS = 1.5 × 10−4), and the Hg(Sec)4 spectrum

43 provided
the best reconstruction for the second complex (NSS = 4.8 ×
10−5). Consideration of the Hg(Sec)4 complex is also needed
to explain the variability of the EXAFS spectra (Figure S2b). In
Hg(GSH)2, Hg is coordinated primarily to two cysteine
residues and secondarily to two oxygen atoms in a seesaw
geometry,59 also denominated disphenoidal (Figure 3). The
Hg[(Cys)2+(N/O)1−2] coordination has been identified
previously in the Clark’s grebe (in addition to Hg(Sec)4),
fish, earthworm, human hair, and bacteria.43,54,59,60,62

The molar proportions, or fractional amount f, of the Hg
species in the petrel tissues, as obtained by least-squares fitting
of the tissue spectra with linear combinations of the four
single-species spectra identified by PCA, are given in Table S2.
The tissue proportion of each Hg species, averaged over the
petrel individuals, is represented in the diagram of Figure 4.
The weight concentrations of the Hg species are obtained by
multiplying f by the Hg concentration. The main results from
the HR-XANES and EXAFS analysis are the following:

• MeHgCys occurs in all tissues, except the liver
(detection limit 3% of total Hg). Its proportion
decreases in the following order: feathers (100%, n =
5) > blood (83 ± 20%, n = 3) > brain (45 ± 35%, n = 3)
> kidneys (4 ± 5%, n = 5) = muscle (4 ± 5%, n = 5).

• HgSe and Hg(Sec)4 occur in all tissues, except the
feathers and blood (detection limit 9% of total Hg). The
proportion of HgSe decreases in the order: liver (95 ±
5%, n = 5) > kidneys (61 ± 8%, n = 5) > brain (38 ±
32%, n = 3) = muscle (35 ± 15%, n = 5). The
proportion of Hg(Sec)4 decreases in the order: muscle
(61 ± 13%, n = 5) > kidneys (35 ± 10%, n = 5) > brain
(16 ± 7%, n = 3) > liver (5 ± 2%, n = 5).

• MeHgCys and HgSe never co-occur without Hg(Sec)4.
• Hg(Cys)2 (modeled with Hg(GSH)2) occurs in the

blood of petrels P3 (12 ± 9%) and P5 (39 ± 8%)
together with MeHgCys, but not in the blood of petrel
P1. The low abundance of Hg(Cys)2 in the data set (2
occurrences out of 26), and relatively low signal-to-noise
ratio of its HR-XANES spectrum (Figure S1), explain
the poorer reconstruction of the Hg(GSH)2 proxy by
target transformation: NSS = 1.5 × 10−4, compared to
NSS = 1.4 × 10−6 for HgSe, NSS = 4.8 × 10−5 for

Figure 3. Chemical forms of Hg in tissues of giant petrels derived
from Hg L3-edge HR-XANES spectroscopy. (a) Spectra from the
brain of individuals P6, P7, and P8 showing the large interindividual
variability in Hg speciation. (b) Spectra from the liver, kidneys, and
muscle of the same individual (P2) with the Hg(Sec)4 spectrum
showing the tissular variability in Hg speciation. The kidneys and
muscle spectra are intermediate between the liver (100% HgSe) and
the Hg(Sec)4 spectra, indicating that they contain different amounts
of the two species. (c−f) Hg species identified by principal

Environmental Science & Technology pubs.acs.org/est Article

https://dx.doi.org/10.1021/acs.est.0c06269
Environ. Sci. Technol. 2021, 55, 1515−1526

1518

http://pubs.acs.org/doi/suppl/10.1021/acs.est.0c06269/suppl_file/es0c06269_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.0c06269/suppl_file/es0c06269_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.0c06269/suppl_file/es0c06269_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.0c06269/suppl_file/es0c06269_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.est.0c06269?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.0c06269?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.0c06269?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.0c06269?fig=fig3&ref=pdf
pubs.acs.org/est?ref=pdf
https://dx.doi.org/10.1021/acs.est.0c06269?ref=pdf


Hg(Sec)4, and NSS = 3.7 × 10−5 for MeHgCys (Figure
3c−f).

• The HgSe grains do not contain sulfur, therefore do not
form a Hg(SexS1−x) solid-solution, in contrast to
previous hypotheses22,80 (Figure S4, Table S3).

Imaging of HgSe Nanoparticles. Sparsely distributed
electron-dense aggregates of 5 nm up to 100 nm HgSe
nanocrystals were imaged, for the first time in seabird tissues,
using electron microscopy (Figures 5 and S5−S13). Although
large variations in crystal size were observed in each tissue,
overall it decreased with the Hg concentration from about 40−
100 nm in liver (1499 μg Hg/g dw), to 5−20 nm in kidneys
(414 μg Hg/g), to ∼3 nm in muscle (88.7 μg Hg/g). Few
aggregates of ∼3 nm and larger crystals also were observed in
the liver. Summation of the EDX spectra from all individual
pixels of the large crystal shown in Figure 5a gave an Hg:Se
atomic ratio of ∼1. The sulfur intensity profile did not increase
over the grain compared to the surrounding tissue, negating a

Hg(Se,S) solid solution (Figure S5). The electron diffraction
(SAED) pattern and interplanar distances obtained by fast-
Fourier transform (FFT) matched the Fd3m cubic space group
and a = 6.08 Å lattice dimension of HgSe,81 which is
isostructural to β-HgS (Figure 5a). Crystallographic data and
nanochemical analyses performed on many nanocrystals of
varying size in the three tissues were all consistent with HgSe.
The smallest crystals having lattice planes which could be
imaged had a dimension of 4−5 nm. However, STEM imaging
of kidney and muscle aggregates show that they contain
vanishingly small particles, down to about 1 nm, and perhaps
below. The EDX signal from the small particles was too low to
measure their Hg:Se ratio.

■ DISCUSSION

This study provides the first evidence in seabird tissues of the
Hg(Sec)4 species identified recently in Clark’s grebe and
freshwater fish.43 This finding warrants further discussion on
its significance for the Hg−Se antagonism, the Se metabolism,
and the demethylation of methylmercury as HgSe.

Hg−Se Antagonism. When Hg is bound in equimolar
stoichiometry with Se as in HgSe, the Hg:Se atomic ratio
derived from chemical analysis ((Hg:Se)chem) represents the
fraction of Se, to total Se, bound to Hg. However, when Hg is
complexed to four selenolate ligands, forming a Hg(Sec)4
complex, the effective fraction of Se bound to Hg is higher than
the chemical fraction ((Hg:Se)eff > (Hg:Se)chem). The
difference between the two molar ratios depends on the
fractional amount, or proportion, of Hg(Sec)4 and HgSe in the

Figure 3. continued

component analysis of 26 tissue spectra and target transformation of
HR-XANES spectra from a library of model compounds and natural
species. The MeHgCys spectrum is from Clark’s grebe feather and the
Hg(Sec)4 spectrum is from Clark’s grebe liver.43 The Hg(GSH)2
spectrum is from ref 59. The Hg[Me+Cys], Hg[(Sec)4], and
Hg[(Cys)2+(N/O)1−2] coordinations of the Hg complexes are
represented in ball-and-stick in the insets and the HgSe structure is
represented with corner-linked Hg(Se)4 tetrahedra. For experimental
details and data analysis, see the SI.

Figure 4. Diagrammatic picture of the average concentration and speciation of Hg in giant petrel tissues. Cys and Sec stand for cysteine and
selenocysteine residues within a polymeric chain of peptide or protein, not for free amino acids. Molar percentages and Hg concentrations are mean
values over three (blood, brain) and five (liver, kidneys, muscle, feathers) individuals. The numbers in parentheses are the standard deviations.
HgSe is most abundant in liver and Hg(Sec)4 is most abundant in muscle.
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sample, noted f Hg(Sec)4 and fHgSe. The effective Hg:Se ratio can
be written as follows:

f f(Hg:Se) (Hg:Se) ( 4 )eff chem HgSe Hg(Sec)4= × + ×

For example, the liver of petrel P3 has (Hg:Se)chem = 0.54,
fHgSe = 0.91, f Hg(Sec)4 = 0.09, which gives (Hg:Se)eff = 0.69. The
concentration of bioavailable Se is [Se]bio = (1 − (Hg:Se)eff) ×
[Se]tot. In this example, [Se]tot = 213 μg/g and [Se]bio = 66 μg/
g (Table S2). Omitting the 1:4 stoichiometric ratio of
Hg(Sec)4 gives an apparent concentration of [Se]bio

app = (1−

0.54) × 213 = 98 μg/g, 48% higher than the actual
concentration. Similarly, the kidney tissue of petrel P4 have
[Se]tot = 363 μg/g, [Se]bio

app = (1−0.45) × 363 = 200 μg/g, and
[Se]bio = 58 μg/g. The apparent excess of Se obtained by
omitting the Hg(Sec)4 complex is more than three times
higher than the actual value. Overestimating [Se]bio is not a key
issue in liver and kidneys as Se concentration is not limiting in
these tissues. In contrast, overestimating [Se]bio leads to
underestimate the toxicological risk for muscle, as discussed
below.

Figure 5. EDX maps of Hg (green) and Se (red) and transmission electron microscopy images of HgSe nanoparticles in the liver, kidney, and
muscle tissues of individual P4. (a) EDX map and HRTEM image of two large HgSe crystals in liver. The upper image on the right is a
magnification of the framed area and the lower image is its fast Fourier transform (FFT) image. The FFT pattern corresponds to the [112] zone
axis of HgSe with a = 6.08 Å. (b) EDX map of an aggregate of HgSe nanoparticles and HRTEM image of three small 4 to 10 nm HgSe crystals in
kidney. The framed area is enlarged on the upper right and Fourier transformed on the lower right. (c) EDX map of an aggregate of HgSe
nanoparticles in the muscle, and STEM image from 25 drift-corrected individual frames of two nanocrystals and corresponding FFT images of the
upper and lower grains, respectively. This STEM image was recorded at −170 °C and 60 pA electron current to minimize radiation damage.
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The relationships between (Hg:Se)chem and [Hg]tot and
between (Hg:Se)eff and [Hg]tot in the 26 tissues are shown in
Figure 6a,b, and the fraction of bioavailable Se to total Se

([Se]bio/[Se]tot) in Figure 6c. Molar Hg:Se ratios vary greatly
among all tissues and between individuals as shown previously
in Figure 2a. Incorporating fHg(Sec)4 in the calculation of Hg:Se
has the most effect on the muscular tissue. In three out of five
birds (P2, P3, P4), muscular (Hg:Se)eff is close to 1:1 (Figure
6b), the threshold from which toxic effects may emerge.37 The
accuracy on ratios is highly variable, however, as a result of the
propagation of uncertainties from chemical analyses and

spectroscopic values of f HgSe and fHg(Sec)4. Notwithstanding
these cumulative errors, it appears clearly that the muscle is the
most affected of all tissues by Hg contamination. For example,
the muscle of petrel P2 has a few μg/g of bioavailable Se at
most, for an apparent concentration of [Se]bio

app = (1−0.33) ×
50.8 = 34 μg/g (Table S2).
Figure 2a also can be corrected for f Hg(Sec)4 like Figure 6a. In

this case [Se]tot on the y-scale needs to be replaced by the
effective Se concentration, which is as follows:

Se (1/(Hg:Se) ) Hg (Se:Hg) Hgeff eff tot eff tot[ ] = × [ ] = × [ ]

with [Hg]tot and [Se]eff in mol/g. In this representation, the
muscle tissues of the three birds that are depleted in
bioavailable Se (P2, P3, P4) are aligned on the 1:1 theoretical
line (Figure 2b). Blood results cannot be represented on this
graph because Hg is not bound to Se, but is in methylated and
dicysteinate form only (MeHgCys + Hg(Cys)2). For this
tissue, the (Se:Hg)eff ratio, which represents the excess of Se, is
infinite.

Se Metabolism. Selenium is an essential element which is
distributed by the liver to nonhepatic tissues to maintain Se
homeostasis.33,38 Selenium content is well-regulated in
laboratory animals fed with dietary Se intakes. In mice, the
regulated selenium pool is about 200 ng/g wet weight (∼1 μg/
g dw) in muscle and 1500 ng/g wet weight (∼6 μg/g dw) in
liver.82 As intake increases, excess Se is excreted predominantly
via urine. The bioavailable concentration of Se in the muscle of
the three most depleted birds (P2, P3, P4) is on the order of 1
± 10 μg/g dw (i.e., 0.1−10 μg/g). Although muscular tissues
are most impacted by Hg contamination, a Hg-induced Se-
deficiency is unlikely because the liver contains enough
bioavailable Se for replenishment (Figure S14a). The liver of
the two most contaminated birds (P2, P4), containing 804 μg/
g and 1499 μg Hg/g dw, respectively, are concomitantly in
tremendous excess of [Se]bio (Figure S14b). The [Se]bio:[Se]tot
ratio is approximately constant ranging between 0.28 and 0.49
(Figure S14c).

Source of the Hg−Dicysteinate Species. The Hg(Cys)2
species was detected in the blood of individuals P3 and P5, not
P1, and co-occurs with MeHgCys. The source of MeHg is
clearly exogenous since it is the main form of Hg in the preys
of petrel, such as fish and squids,83−86 and is almost totally
(90−95%) absorbed in the gastrointestinal tract.87,88 The
Hg(Cys)2 species is probably exogenous too, otherwise Hg
would be bonded to Se, not to S, as no MeHgCys to Hg(Cys)2
demethylation pathway is known in the body to date.
Gastrointestinal absorption of Hg(Cys)2, although inefficient
(7−15%), occurs in the lumen of the intestine.89,90 Hg(Cys)2
can be produced by demethylating intestinal microflora or
taken up through the diet. Giant petrels eat fish and
cephalopods when they are at sea and they are very aggressive
predators and scavengers of mammal’s and bird’s carcasses
when on land. The high variation of the %Hg(Cys)2 to %
MeHgCys ratio in blood among the three birds (P1:0%/100%;
P3:12%/88%; P5:39%/61%) argues for a dietary source that
differed at the time of sampling. Thus, Hg speciation in blood
informs about recent intakes. The lack of Hg(Cys)2 in other
tissues can be explained by a Se for S ligand exchange and by
its elimination from the bloodstream in urine.91

Demethylation of Methylmercury. It has been sug-
gested that the HgSe demethylation reaction is a concen-
tration-sensitive process in the liver of dolphins and waterbirds,
starting when a Hg concentration threshold is reached.92,93 In

Figure 6. Chemical (a) and effective (b) fractions of Se bound to Hg
against total Hg concentration in each tissue. (c) Fraction of
bioavailable to total Se against total Hg concentration in each tissue.
The Y-axis error bars represent the total propagation of errors from
chemical analysis and HR-XANES least-squares fits.
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waterbirds the threshold value is approximately 8.5 μg Hg/g
dw. Here, there is no evidence for a demethylation threshold
because the liver concentrations are at least 20 times higher
than the waterbird threshold ([Hg]tot > 170 μg/g). Because
the vast majority of Hg is inorganic and %HgSe ≥ 90 ± 6%,
quantities of MeHg are very low (Table S2). In contrast to
liver, there is some supporting evidence for a HgSe threshold
in brain, as its Hg concentration ranges from 1.6 μg/g (petrel
P7) to 13.2 μg/g (P8). The response of %MeHg to changing
brain [Hg]tot is strongly curvilinear (Figure S14c).%MeHg
declines abruptly from 83 ± 5% at [Hg]tot = 1.6 μg/g, to 40 ±
6% at [Hg]tot = 2.8 μg/g, and then less rapidly to 13 ± 5% at
[Hg]tot = 13.2 μg/g. In contrast, %HgSe and %(HgSe
+Hg(Sec)4) follow a power-law with [Hg]tot. HgSe amounts
to 8 ± 8% at [Hg]tot = 1.6 μg/g, 36 ± 13% at [Hg]tot = 2.8 μg/
g, and 71 ± 8% at [Hg]tot = 13.2 μg/g (Table S2, Figure
S14d). This suggests that (1) brain MeHg accumulates to a
threshold concentration of about 1−2 μg/g above which HgSe
is formed, and (2) HgSe nucleation is initiated by the
Hg(Sec)4 complex, in agreement with electron microscopy
observations and previous results on the Clark’s grebe.43 The
fact that MeHgCys and HgSe never coexist in any tissue
without Hg(Sec)4 is another supporting line of evidence for
Hg(Sec)4 being an intermediate species of the demethylation
reaction. Hg(Sec)4 observed in kidneys, muscle, and brain may
be transported from the liver since Hg-bound SelP has been
detected in the plasma of humans.46,47 Hg(Sec)4 may also form
in situ from MeHgCys and SelP delivered by the bloodstream,
and from SelP directly produced in peripheral tissues.76,94

The low demethylation threshold value observed in the
brain, together with a [Se]tot/[Hg]tot molar ratio of 30 ± 18
(Figure 2a), many times higher than that in the other tissues,
suggest that the brain is the first organ protected from injury.
This finding agrees with Se-deficiency experiments on animal
models, which show that neurons take up Se via the ApoER2
receptor at the expense of kidneys and muscle to prevent
injury.38,73,76 Demethylation of MeHg in HgSe has been
observed previously in the brains of dolphins26 and humans.95

Molecular Structure of the Hg−Tetraselenolate
Complex. We showed recently that the Hg(Sec)4 complex
is bound to selenoprotein P in the Clark’s grebe.43 SelP is
present in all vertebrates and harbors at least ten Sec residues,
compared to at most two in other selenoproteins.96 Birds have
one Sec in the α-domain and 12 in the β-domain, seven of
which being grouped in the carboxyl-terminus region of the
protein.43 The last four Sec residues of the protein tail are
arranged in the highly conserved amino acid motif
XUXUX6UXUX (single-letter amino acid code, where U is
Sec and X can be any amino acid). With its four Sec residues,
this region is the most likely Hg-binding site. The tertiary
structure of the predicted Hg-binding site in giant petrel was
modeled by iterative threading assembly refinement (I-
TASSER97,98) from the amino acid sequence of the northern
fulmar (Fulmarus glacialis). I-TASSER matches with Monte
Carlo simulations the structure of 3D models with known
protein structures in the Protein Data Bank (PDB). SelP of
giant petrel has not been sequenced, but it should be close to
that of northern fulmar, as it is phylogenetically close (both
belong to the fulmarine group within the same Procellariidae
family). The two UXU motifs are predicted to face each other
on each side of a β-turn, forming a four-coordinate metal-
binding site (Figure 7).

The association in Hg−Se aggregates of <4 nm nano-
particles with ≥4 nm HgSe crystals (Figures S10, S11, and
S13) is suggestive of a continuum of Hg cluster sizes from
Hgx(Se,Sec)y multinuclear complexes to HgSe nanocrystals.
We hypothesize that the flexible Sec-rich β-domain of SelP
forms a multinuclear binding pocket via protein folding and
mediates the biomineralization of HgSe via self-assembling.
This mechanism is common in the biosynthesis of metal-
loclusters,99−101 and is reminiscent of metal clustering in
metallothioneins.56,102,103 Then, the Hg(Sec)4 complex would
act as an external ligand to the nascent HgSe nanoparticles,
decreasing their Hg:Se molar ratio below 1. Supporting this
possibility is the deviation of the equimolar ratio observed near
HgSe grains in the liver of dolphins by Gajdosechova and co-
workers.26 We considered all along this study that the
Hg(Sec)4 complex is mononuclear. If the β-domains of SelP
host multinuclear Hgx(Se,Sec)y complexes, then they would be
too disordered to be identified as a distinct species by HR-
XANES. A caveat in assigning all tetraselenolate complexes to
Hg(Sec)4 is an overestimation of (Hg:Se)eff, because y < 4x in
Hgx(Se,Sec)y.

43 We also considered in this study that Hg is the
only potent electrophile capable of binding Se. However, there
are additional elements of environmental concern which can
also bind it and contribute to loss of Se that is biologically
available for selenoenzyme synthesis. Organic electro-
philes33,104 bioaccumulated in polluted ecosystems may
contribute to impair Se bioavailability.
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Figure 7. Ribbon representation of the predicted tertiary structure
from I-Tasser97,98 of the carboxyl-terminus region of selenoprotein P
for northern fulmar (Fulmarus glacialis), as a proxy for giant petrel.
Purple: Se atoms, blue: N atoms, red: O atoms from the amino acid
side chains attached to the protein backbone in gray. The β-turn
forms a molecular cage with four selenolate ligands pointing out at the
surface of the loop. This cage is a potential binding site for Hg. The
amino acid sequence is represented in both single-letter and triple-
letter code. U is the single-letter code for selenocysteine. The
structure was visualized with PyMol.105
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